Objective: To determine the effect of habitual omnivorous and vegetarian diets on folate and vitamin B 12 status and the subsequent effect on homocysteine concentration. Design: Cross-sectional comparison of free-living habitual meat-eaters and habitual vegetarians. Setting: The study was conducted at RMIT University, Melbourne. Subjects: One hundred and thirty-nine healthy male subjects (vegans n 18, ovolacto vegetarians n 43, moderate meat-eaters n 60 and high meat-eaters n 18) aged 20 ± 55 y who were recruited in Melbourne. Outcome measures: Fasting plasma or serum from each subject was analysed for folate, vitamin B 12 and homocysteine concentration. A semi-quantitative Food Frequency Questionnaire was completed by a subset of subjects from each group to determine methionine intake. Results: The two meat eating groups consumed signi®cantly greater levels of methionine (P`0.001). There was no clear trend in plasma folate status between groups, however the plasma vitamin B 12 concentration decreased progressively from the high-meat-eating group to vegans (P`0.05). An inverse trend was observed with plasma homocysteine concentration, with vegans showing the highest levels and high meat eaters the lowest (P`0.05). Conclusions: Dietary methionine intake has no observable effect on plasma homocysteine concentration. In habitual diets, where folate intake is adequate, lowered vitamin B 12 intake from animal foods leads to depleted plasma vitamin B 12 concentration with a concomitant increase in homocysteine concentration. The suggested mechanism is the failure to transfer a methyl group from methyl tetrahydrofolate by vitamin B 12 in the remethylation of homocysteine to methionine.
Introduction
It has been suspected for a number of years by some researchers that vascular disease of various forms is associated with abnormal methionine metabolism, leading to elevated plasma levels of homocysteine (McCully, 1983; Ueland et al, 1992) . Epidemiological and case-control studies have shown that hyperhomocysteinemia is an important independent risk factor for vascular disease and thromboembolism (Stampfer et al, 1992; Verhoef et al, 1994; Arnesen et al, 1995) .
Homocysteine is a non-dietary sulphur-containing amino acid, intermediate in the trans-sulphuration of dietary methionine to cysteine (Mudd and Levy, 1978) . Once formed, the homocysteine is converted to cysteine in two steps. The ®rst involves irreversible condensation with serine to form cystathionine, catalysed by cystathionine b-synthase, using pyridoxal-5-phosphate (PLP), the active form of vitamin B 6 , as a coenzyme (Figure 1) . The cystathionine is then converted to cysteine by the PLPdependent enzyme g-cystathionase. However, not all homocysteine is metabolized to cysteine, the excess being remethylated to methionine (Figure 1 ). There are two pathways for this process: the predominantly liver-based vitamin-independent betaine pathway (Finkelstein 1990) , and the ubiquitous folate ± vitamin B 12 pathway. This second important pathway involves the enzymatic transfer of a methyl group from 5-methyltetrahydrofolate (5-methyl-THF) to homocysteine with vitamin B 12 (methylcobalamin) as a coenzyme (Verhoef et al, 1996) .
Hyperhomocysteinemia can result from genetically depressed levels of the enzyme cystathionine b-synthase, which metabolizes homocysteine to cystathionine (Verhoef et al, 1996) . Similarly, hyperhomocysteinemia can result from inherited low activity of 5,10-methylenetetrahydrofolate reductase, the enzyme which converts dietary folic acid to the methyl donor, 5-methyltetrahydrofolate involved in enzymatic methylation of homocysteine to methionine (Kluijtmans et al, 1997) . However, it is now understood that the accumulation of homocysteine can also result from three dietary scenarios involving B-vitamin de®ciencies : (i) the least critical is the interuption of trans-sulphuration by the lack of the active coenzyme form of vitamin B 6 (PLP); (ii) probably the most important and most reported is dietary folate de®ciency leading to insuf®cient 5-methyl-THF for methyl donation during the remethylation step; and (iii) the most relevant to vegetarians and this study is vitamin B 12 de®ciency (dietary or inadequate absorption), leading to failure of the transfer of the methyl group from 5-methyl-THF to homocysteine during remethylation. This also leads to the`methyl-folate trap' situation in which folate is trapped in the 5-methyl-THF form, making it unavailable to other metabolic processes (Chanarin et al, 1990) .
The original report which alerted health workers to the possible role of moderate hyperhomocysteinemia as a cardiovascular risk factor suggested that the high meat intake in the Western diet could be responsible for enhanced homocysteine levels and for the perceived higher rate of occlusive vascular disease in populations of developed Western countries (Wilcken and Wilcken 1976) . Diets with different protein content, such as a high-meat diet, an ovolacto-vegetarian diet, and a vegan diet, are expected to have differences in their content of one or more of the following: methionine, each of the enzymatic cofactors involved in the metabolism of methionine and homocysteine, including folate, vitamin B 6 and vitamin B 12 , and cholineabetaine. Because of the range of possibilities presented by these different diets, the links between dietary meat content and subsequent plasma homocysteine levels in the consumer seemed dif®cult to predict. In the present study we have measured plasma homocysteine levels in four groups of human subjects consuming diets rich in meat, of average meat content, ovolacto-vegetarian and vegan diets. In order to understand the changing levels of homocysteinemia in these subjects, we have concurrently calculated their dietary methionine intake and measured levels of serum folate and serum vitamin B 12 .
Methods

Subjects
This study forms part of a larger project, comparing the cardiovascular risk factors of vegetarians against those of omnivores in males in the general population. The study protocol was approved by the university Human Ethics Committee and all subjects were volunteers who gave their written consent prior to participation in the study. Subjects were recruited from the Melbourne area; they were all nonsmoking healthy males in the age range 22 ± 55 y, with no family history of cardiovascular disease (CVD), and not taking any vitamin supplements or medications. A total of 139 subjects were accepted and classi®ed into four groups based on habitual dietary intake. These were high meat eaters ( ! 285 g meataday, n 18), moderate meat eaters (`285 g meataday, n 60), ovolacto vegetarians (n 43) and vegans (n 18).
Blood collection and dietary analysis
All subjects attended the RMIT University Medical Clinic on one morning following a 12 h overnight fast. Blood collection and dietary analysis were as described previously (Li et al, 1999) .
Laboratory measurements
Serum folate and vitamin B 12 concentrations were determined by standard competitive immunochemiluminometric (ICMA) methods on an automated ACS:180 random-access immunoassay system (Ciba Corning Diagnostic Corp., Med®eld, MA, USA). Total homocysteine was quanti®ed in plasma as the ammonium 7-¯uorobenzo-2-oxa-1,3-diazole-4-sulphonate derivative (Araki and Sako, 1987) , using an HPLC separation and¯uorometric detection method as described by Dudman et al (1996) .
Statistics
Data were analysed using SPSS, PC version 7.1 (SPSS Corporation, Chicago IL), and involved univariate analyses of variance (ONEWAY) with Tukey ± Kramer post-hoc tests used to establish group differences. Correlations were determined using a multivariate analysis of variance (MANOVA) utilizing the Roy ± Bargmann step-down procedure, in which each set of dependent variables was successively shifted to act as a covariate. All ®gures are mean AE s.d. and the level of signi®cance is P`0.05 unless otherwise indicated.
Results
The dietary intake of the homocysteine precursor, methionine, was determined by extensive dietary analysis for six randomly chosen subjects in each dietary group. The daily intake levels correlated well with overall intake of animal foods, with the high-meat-eating group showing the highest intake (4145 AE 931 mgaday), followed by moderate meat eaters (3017 AE 515 mgaday), with both vegetarian groups signi®cantly lower (ovolacto vegetarians, 1300 AE 567 mga day; vegan, 1606 AE 647 mgaday; P`0.001, Table 1 ).
Plasma homocysteine and serum folate and vitamin B 12 concentrations are shown in Table 1 . Serum folate concentrations followed no obvious trend between the four Diet effect on plasma homocysteine NJ Mann et al groups, with vegans showing the highest levels (normal range 2 ± 14 ngaml; Ford, 1987) . This was consistent with their high dietary intake of folate-rich foods (wheat bran, nuts, spinach, broccoli, cabbage, brussels sprouts, etc). Serum vitamin B 12 concentrations decreased progressively with reduction in consumption of animal products, from high meat eaters to vegans, re¯ecting the relative dietary vitamin B 12 intake of the respective groups (normal range 200 ± 1100 pgaml; Ford, 1987) . Conversely, plasma homocysteine concentrations increased in a step-wise manner from high meat eaters up to vegans. Using a`screening' series of three one-way analyses of variance with post-hoc tests (Tukey ± Kramer) between all groups, a clear separation into two signi®cantly different groups was observed: the two meat-eating groups exhibited higher serum vitamin B 12 concentrations and lower plasma homocysteine concentrations than the two vegetarian groups (P`0.05). Adjusting for age, weight and BMI did not alter the signi®cant difference in vitamin B 12 and homocysteine status between omnivores and vegetarians. To investigate the possible correlation between the blood parameters measured, a multivariate analysis of covariance was performed. The results of the Roy ± Bargman step-down tests for successive`turnover' of a dependent variable to a covariate using the order vitamin B 12 followed by folate (and leaving homocysteine as the`®nal' dependent variable) revealed that the effect of dietary group on serum concentrations of folate was independent of the effect on vitamin B 12 and homocysteine. However the observed dietary group differences on homocysteine were fully explained by the observed group differences on vitamin B 12 . Controlling for age, weight and body mass index (BMI) did not alter this result. Therefore, in this study, plasma homocysteine concentration was not correlated with serum folate concentration, but was strongly correlated with serum vitamin B 12 concentration (r 7 0.37, P`0.001, Figure 2 ).
Discussion
Our results show ®rstly that consumption of a meat rich diet does not lead to hyperhomocysteinemia, contrary to earlier expectations (Wilcken and Wilcken, 1976) . In fact, cellular metabolism of homocysteine is actually regulated by methionine intake. After consumption of methionine, homocysteine is preferentially catabolized through cystathionine synthesis, ostensibly because de novo methionine synthesis is not necessary due to the dietary methionine in¯ux. Under conditions of little or no methionine intake (fasting, as in this study), homocysteine is shunted towards de novo methionine synthesis because of lack of dietary methionine supply. The net result of this regulation is that¯uctuations in dietary methionine intake have little effect on plasma homocysteine concentrations because changes in cellular homocysteine synthesis due to thē uctuating dietary methionine intake are handled metabolically, and not by export of homocysteine out of the cells into the blood (Finkelstein, 1990) .
The present data are consistent with results of the Atheroscherosis Risk in Communities (ARIC) study (Shimakawa et al, 1997) , which showed that methionine and protein intake was unrelated to plasma homocysteine levels. Due to impaired vitamin B 12 metabolism in the vegetarians, though, a potential methionine effect cannot be clearly demonstrated in this group. However, the ARIC study did show that homocysteine was correlated inversely with intakes of folate and vitamin B 6 (but not vitamin B 12 ). It has been estimated that 67% of the cases of hyperhomocysteinemia are attributable to inadequate plasma concentrations of one or more of the B-vitamins: folate, vitamin B 12 or vitamin B 6 (Selhub et al, 1993) . Ubbink et al (1993) found that hyperhomocysteinemia responded to combined B-vitamin (folate, B 12 and B 6 ) supplementation. In a further study, this group found vitamin B 6 supplementation alone did not have a lowering effect on plasma homocysteine (Piefrzik and Bro Ãnstrup, 1996) , whereas vitamin B 12 supplementation (up to 400 mgad) gave a 15% (P`0.01) reduction in plasma homocysteine, while folic acid supplementation (0.65 mgad) gave a 42% reduction (P`0.001) (Ubbink et al, 1994) . A number of other studies have shown inverse associations between plasma folate and homocysteine and to a lesser extent between plasma cobalamin and homocysteine, but not between vitamin B 6 and homocysteine Diet effect on plasma homocysteine NJ Mann et al (Jacobsen et al, 1994; Lussier-Gacan et al, 1996; Verhoef et al, 1996) . These data would strengthen suspicions that impairment of remethylation of homocysteine, rather than impairment of transulphuration or increased dietary methionine, was the predominant cause of elevated homocysteine in most cases and that folate status was the more important criteria in most situations of impaired methylation of homocysteine. Whilst much has been written on the well-established link between low folate levels and plasma hyperhomocysteinemia, our results failed to show more than a tenuous link. However, the serum folate concentrations of the four dietary groups were all above recognized de®ciency levels, showed no obvious trend between groups and extended over a narrow range. Despite a signi®cantly lower serum folate concentration in the moderate meat-eaters relative to vegans, the plasma homocysteine concentrations were signi®cantly higher in the vegans, indicating that in this particular study, that lowered serum vitamin B 12 status was affecting homocysteine concentration to a greater extent than any minor, but statistically signi®cant folate difference. This situation is encountered in a number of studies, under very particular circumstances. For instance, a striking observation from the Framingham Heart Study (Tucker et al, 1996) was the elevation of folate and homocysteine concentrations with age. We suggest that this is possibly due to increasing atrophic gastritis and lowered vitamin B 12 absorption with age. In other studies, patients with vitamin B 12 de®ciency (which is not common) also exhibited hyperhomocysteinemia. Subsequent cobalamin supplementation was able to correct the vitamin B 12 de®ciency and resulted in a signi®cant decrease in plasma homocysteine concentrations . Thus, despite the generally betterrecognized relationship of low folate status and hyperhomocysteinemia, under particular circumstances where vitamin B 12 de®ciency exists, its role seems to become the more dominant in in¯uencing homocysteine accumulation in the blood.
The amount of vitamin B 12 required in the diet is extremely small, of the order of 1 ± 2 mgad, which is easily accounted for by meat, egg and milk consumption. Due to its widespread availability in animal foods, the average Western diet contains ample amounts of vitamin B 12 , of the order of 5 ± 15 mgad (Herbert, 1987) . Furthermore, vitamin B 12 is conserved in our body through enterohepatic circulation, thus it takes several years to deplete liver stores (Herbert & Coleman, 1988 ). It is not surprising then, that in Western omnivore populations vitamin B 12 de®ciency is rarely encountered. However strict vegetarians show serum vitamin B 12 concentrations inversely correlated to time practising a vegetarian diet (Miller et al, 1991) , owing to the almost total absence of vitamin B 12 in plant foods. Although human and other mammalian colonic bacteria produce vitamin B 12 , in humans this occurs too low in the colon to be absorbed directly, so vitamin B 12 must be obtained from bacterial contaminated foods or from consumption of animal foods such as meat, eggs etc., which have vitamin B 12 already incorporated in them (Herbert, 1988) .
The inverse correlation found in this study, between plasma homocysteine and serum vitamin B 12 concentration, is quite strong and signi®cant. This suggest that the progressively declining level of vitamin B 12 expected in these diets, going from high-meat eaters to vegans, is playing a causative role in the increasing level of plasma homocysteine. If this is the case and plasma homocysteine concentrations in our subjects are regulated by vitamin B 12 concentration, mediated by 5-methyltetrahydrofolate:homocysteine methyltransferase activity, this would be an interesting ®nding, with possible clinical implications.
However, as our study population was skewed towards a higher percentage of vegetarians than is normally encountered in a Western population, the proportion of low and de®cient vitamin B 12 subjects was disproportionately high, giving us scope to show a relationship between vitamin B 12 status and plasma homocysteine concentrations, which would probably not be possible in a more standard Western population, unless a large population sample was used. In fact, removing vegans from our study population resulted in a loss of statistical signi®cance in the inverse relationship observed between serum vitamin B 12 and plasma homocysteine.
While epidemiology shows that homocysteine is a vascular risk factor, there is at present no compelling mechanistic explanation for this link. In this context, the ®nding that plasma homocysteine concentrations trend substantially and signi®cantly higher in vegetarians and particularly vegans may comment on the relative importance of homocysteine as a vascular risk. In fact, if vegetarian and vegan diets do not confer an increased risk of occlusive vascular disease, as seems likely, we could infer that reduction of risk factors (raised total and LDL cholesterol, triglycerides, ®brinogen, factor VII and oxidized-LDL etc.) other than homocysteine in vegans and vegetarians, overwhelms any extra vascular risk posed by the enhanced homocysteine levels. This view could account for the often seen inverse correlation of folate status with CVD but the lack of such an association between vitamin B 12 and CVD, as many of the individuals with lower vitamin B 12 status would be vegetarians. , for instance, found there was an inverse relationship between vitamin B 12 and plasma homocysteine, but when the study was controlled for plasma homocysteine and other CHD risk factors, vitamin B 12 status correlated positively and signi®cantly with CHD, a most unexpected result in view of the now recognized relationship of hyperhomocysteinemia with CVD. The speculation is that the intake of vitamin B 12 from animal sources such as red meat and eggs is accompanied by other dietary factors associated with atherogenesis.
In conclusion, diets with increasing amounts of meat apparently lead to decreasing plasma concentrations of the vascular risk factor homocysteine. A concommittant increase in serum vitamin B 12 concentration occurs in the same people, which could lead to the decreased homocysteine levels, mediated by levels of the vitamin B 12 requiring enzyme 5-methyltetrahydrofolate:homocysteine methyltransferase. The increased plasma homocysteine found in vegetarians and vegans, despite their modest vascular risk, suggests that elevated plasma homocysteine in these subjects does not play an overwhelming cardiovascular risk factor role. However, based on the present data it would seem appropriate for the food industry to add vitamin B 12 in prepared vegetarian foods such as vegetarian burgers, cereals and soy milk to remedy the prevalence of vitamin B 12 de®ciency in vegetarians which may lead to other metabolic abnormalities apart from hyperhomocysteinemia.
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